1. Introduction
===============

Self-assembling cyclic peptide nanotubes (SCPNs) are hollow cylindrical-shaped supramolecular structures formed by the stacking of cyclic peptides (CPs) in a flat conformation.[@cit1] Their simple synthesis, precise control of the internal pore dimensions, the biocompatibility and easy modification make them especially suitable for the development of new nanobiomaterials.[@cit2] Recent studies have shown that these supramolecular polymers are one of the known most robust nanofibers derived from proteinaceous materials.[@cit3] In fact, the same authors have made composites with polymers as a structural filler to reinforce their mechanical strength.[@cit4] All these properties have given rise to search for applications in fields ranging from biology (antimicrobials, drug delivery...) to materials science (biomaterials, molecular electronics, sensing and so on).[@cit5],[@cit6] Among the pioneering SCPNs in which CPs made of α-amino acids of alternating opposite chirality (**[d]{.smallcaps},[l]{.smallcaps}-α-CP**)[@cit7] were used, other amino acids (β-, γ-, δ- or ε-residues) have been also reported for the preparation of nanotubes.[@cit1],[@cit8] Especially attractive are the CPs that contain γ-amino acids (α,γ-CPs) because they form nanotubes with partially hydrophobic or functionalized cavities.[@cit9],[@cit10]

In this sense, nanotubes with hydrophobic cavities are especially demanded for their potential implementation in the design of new drug or diagnostic agent carrier systems.[@cit11] We envisioned that 4-aminocyclohexanecarboxylic acid (δ-Ach) would be a promising residue in the preparation of nanotubes with hydrophobic properties because of the two methylene groups of each residue that would be projected towards the inner cavity of the nanotube. In this article, new hybrid α,δ-cyclic peptides (**[d]{.smallcaps},[l]{.smallcaps}-α,δ-CPs**) with self-assembling properties are described. These peptides allow the formation of nanotubes with large internal diameters and hydrophobic properties. The resulting ensemble is able to dissolve and encapsulate fullerene in aqueous media inside of the tubular pore.

2. Results and discussion
=========================

2.1. Synthetic studies and dimer characterization
-------------------------------------------------

For the design of these new nanotube forming cyclic peptides we used **[d]{.smallcaps},[l]{.smallcaps}-α-CPs** as the basic component and incorporated one δ-Ach residue after each α-amino acid ([Scheme 1](#sch1){ref-type="fig"}) to ensure the adoption of a flat conformation. In addition, this design would also assure that the hydrogen-bond donors and acceptors were complementary in each face of the CP, facilitating the nanotube formation. To carry out these studies we started with dimers forming **[d]{.smallcaps},[l]{.smallcaps}-α-CPs** of different lengths,[@cit12] tetramers (*n* = 1), hexamers (*n* = 2) and octamers (*n* = 3). In these models (**CP1**, **CP2** and **CP3**) the amide protons in one face of the β-strand are substituted by methyl groups through the alkylation of all the amino acids of the same chirality to prevent hydrogen bond formation through this face. Therefore, the assembling process is restricted to dimers that are soluble in organic solvents. To ensure that all the *N*-alkyl groups are pointing in the same direction, in these new hybrids the *N*-methylated δ-Ach residues should be coupled to the *N*-methylated α-residue ([Scheme 1](#sch1){ref-type="fig"}). Consequently, the non-methylated δ-amino acids should be attached to the α-residues of opposite chirality ([d]{.smallcaps}-residue) through a secondary amide connection. With these design principles, cyclic peptides **CP4**, **CP5** and **CP6** were synthetized following the general scheme illustrated in Scheme 1S in the ESI.[†](#fn1){ref-type="fn"} The resulting dimers **D4**, **D5** and **D6** ([Scheme 1](#sch1){ref-type="fig"}) should be formed by the hydrogen-bonding interactions between the amide groups of [d]{.smallcaps}-amino acids and the NH group of δ-Ach with the carbonyl group of ^*Me*^*N*-δ-Ach.

![Top: Peptide nanotube models formed by stacking of cyclic peptides (SCPN) and structure of α,γ-cyclic peptide hybrids. Bottom: Structure of the cyclic peptides and dimers of **[d]{.smallcaps},[l]{.smallcaps}-α-CP** (centre) and **[d]{.smallcaps},[l]{.smallcaps}-α,δ-CP** (bottom) in which **CP4** corresponds to *n* = 1 (octamer), **CP5** to *n* = 2 (dodecamer) and **CP6** to *n* = 3 (hexadecamer).](c8sc02276c-s1){#sch1}

The synthesis ([Scheme 2](#sch2){ref-type="fig"}, see the ESI and Scheme 1S[†](#fn1){ref-type="fn"} for more details) started from commercially available *trans-N*-Boc-4-aminocyclohexanecarboxylic acid (**Boc-δ-Ach-OH**) that was transformed into **Boc-*^Me^N*-δ-Ach-OH** by treatment with sodium hydride and iodomethane in DMF followed by hydrolysis with lithium hydroxide of the resulting methyl ester. Finally, **Boc-δ-Ach-OH** was also transformed into **Boc-δ-Ach-OFm** under simple esterification conditions. This compound was converted into the corresponding tetrapeptides (**Tp1a** or **Tp1b**, Scheme 1S[†](#fn1){ref-type="fn"}) through the sequential coupling/deprotection steps of the corresponding Boc-protected amino acids (^*Me*^*N*-Ala, ^*Me*^*N*-δ-Ach and [d]{.smallcaps}-Tyr for **Tp1a**, and ^*Me*^*N*-Ala, ^*Me*^*N*-δ-Ach and [d]{.smallcaps}-Leu for **Tp1b**). The resulting tetrapeptides, through successive deprotection and coupling processes, were transformed into the corresponding linear octa-, dodeca- and hexadecapeptides (**Op1**, **Dd1** and **Hd1a** and/or **b**) that were finally cyclized to provide **CP4**, **CP5** and **CP6**, respectively, in yields ranging from 34 to 64%.

![Synthetic strategy used in the synthesis of cyclic peptides **CP4**, **CP5** and **CP6**. For more details, see Scheme 1S in the ESI.[†](#fn1){ref-type="fn"}](c8sc02276c-s2){#sch2}

The CPs were soluble in nonpolar solvents, *i.e.* deuterochloroform, allowing the analysis of the self-assembling properties by NMR experiments. The ^1^H NMR spectra in deuterochloroform of the three compounds are well defined and highly symmetrical with *J*~NH,γH~ coupling constants larger than 7.0 Hz. This indicates that the peptides must exist in an all-*trans* conformation characteristic of the flat-ring-shaped structure ([Fig. 1](#fig1){ref-type="fig"}). The main difference is the chemical shift of the amide protons. While in this solvent the signals of these protons of **CP4** appear at *δ* 6.48 (NH~Tyr~) and 6.23 (NH~∂-Ach~) ppm, independently of peptide concentration, the signals of amide protons are shifted downfield, *δ* 8.68 (NH~Tyr~) and 7.78 (NH~∂-Ach~) ppm for **CP5** and 8.32 (NH~Leu~) and 7.91 (NH~∂-Ach~) ppm for **CP6**. These results suggest that the small CPs remain as monomers in solution with the amide protons not involved in a hydrogen bonding interaction. This was also confirmed by solution and solid state FTIR (Fig. 1aS[†](#fn1){ref-type="fn"}) that show an amide A band at 3400 cm^--1^ that corresponds to the stretching of amide protons not involved in hydrogen bonding.[@cit13]

![Top: ^1^H NMR spectra of **CP4** (bottom, red), **CP5** (media, green) and **CP6** (top, blue). Bottom: Selected NOESY spectra of **D5** (5 mM in CDCl~3~); on the left the coloured arrows denote the main characteristic cross peaks, magenta for NH (Tyr) and cyan for H~δ~(δ-^*Me*^*N*-Ach), H~δ~(δ-^*Me*^*N*-Ach) and H~α~(δ-Ach).](c8sc02276c-f1){#fig1}

On the other hand, the other two CPs must form in this solvent (CDCl~3~) the corresponding dimers, **D5** and **D6**, with a very large association constant (*K*~a~ \> 10^5^ M^--1^), as deduced from the location of the amide signals (8.68 and 7.78 ppm for **CP5** and 8.32 and 7.91 ppm for **CP6**) that remains constant at concentrations as low as 1 × 10^--4^ M (Fig. 2S[†](#fn1){ref-type="fn"}). NOE cross peaks ([Fig. 1](#fig1){ref-type="fig"}) between Tyr amide protons (8.68 ppm) and the H~δ~ of δ-^*Me*^*N*-Ach (4.45 ppm) and between the latter and H~α~ of δ-^*Me*^*N*-Ach (2.54 ppm) for **CP5** are consistent with the proposed antiparallel dimeric structure. Similar cross peaks were also observed for **CP6** (see ESI, Fig. 3S[†](#fn1){ref-type="fn"}). Dimer formation was also verified by electrospray ionisation-time-of-flight (ESI-TOF) mass spectroscopy that showed peaks corresponding to the dimeric forms with two (1580.9 for **CP5** and 1851.3 for **CP6**) and three charges (1054.3 for **CP5** and 1234.5 for **CP6**), as deduced from the isotopic distribution, see Fig. 4S in the ESI.[†](#fn1){ref-type="fn"} The FTIR spectra (Fig. 1bS and cS[†](#fn1){ref-type="fn"}) also confirm the formation of the dimer assemblies with an amide A band near 3315 cm^--1^ that suggests an inter-monomer distance of around 4.85--4.90 Å.[@cit13] These experiments confirm that the intercalation of the rigid δ-Ach residues into dimers forming self-assembling **[d]{.smallcaps},[l]{.smallcaps}-α-CPs** provides a new class of CPs that adopt a flat conformation and stack to form torus-shaped supramolecular ensembles; see Fig. 5S in the ESI[†](#fn1){ref-type="fn"} for a computer generated model of **CP5**. The rigidity of this residue allows the formation of a large pore structure with diameters as big as 30 Å, the largest published for this type of tubular assembly.

2.2. Nanotube characterization
------------------------------

After confirming the assembling properties of the **[d]{.smallcaps},[l]{.smallcaps}-α,δ-CPs** with dimeric models, we extend the studies to the formation of SCPNs. For that purpose, cyclic dodecapeptide **CP7** ([Scheme 3](#sch3){ref-type="fig"}) was designed. The incorporation of Glu and Lys residues should provide CPs with improved solubility in aqueous media and also provide some control over cyclic peptide stacking by salt bridge formation. His, in addition to the participation in hydrogen bonding interactions, should give some chemical control (pH modification) over the assembling process under neutral conditions.[@cit14] In the resulting nanotube, the more favourable arrangement (pairwise C, inset [Scheme 3](#sch3){ref-type="fig"}) should align all the Arg and Leu residues on top of each other but in opposite sides. This linear arrangement of guanidinium groups in the nanotube should facilitate the deposition of the nanotube on an anionic mica surface. The peptide was synthetized by solid phase synthesis on a trityl resin and cyclized prior to its cleavage by attaching the first dipeptide Fmoc-Lys-δ-Ach-OAllyl through the Lys side-chain (Scheme 2S[†](#fn1){ref-type="fn"}).[@cit15],[@cit16] After cleavage with the TFA cocktail,[@cit17] the peptide was precipitated, washed and purified. NMR and MS confirmed the formation of **CP7** (Fig. 6S[†](#fn1){ref-type="fn"}). IR spectra showed intense bands at 1537 and 1627 cm^--1^ identified as amide I and amide II, respectively, corresponding to amide bonds involved in hydrogen bonded antiparallel β-sheet structures (Fig. 7S[†](#fn1){ref-type="fn"}).[@cit13] The amide A stretching band at 3270 cm^--1^ confirmed the tight ring-to-ring stacked tubular structure with an average inter-subunit distance of 4.75--4.80 Å.[@cit18] Nanotube formation in solution was confirmed by using thioflavin T (ThT), a probe used to study amyloid diseases such as Alzheimer, diabetes or prion diseases, that is known to fluoresce upon binding to β-sheet structures.[@cit19],[@cit20] Addition of increasing amounts of **CP7** to an aqueous acidic solution containing ThT (20 μM) did not produce any change in the emission band (excitation 420 nm) at 485 nm (Fig. 8aS[†](#fn1){ref-type="fn"}). On the other hand, similar additions of **CP7** to a solution at pH 8.1 (in water or TRIS buffer) gave rise to a clear increase in dye emission that confirms the interaction of ThT with cyclic peptide assemblies (Fig. 8bS[†](#fn1){ref-type="fn"}). This was observed at **CP7** concentrations higher than 50 μM. In any case nanotube formation was confirmed above this concentration under slightly basic conditions in which His residues are mainly deprotonated.

![Structures of cyclic peptide **CP7**, synthetized on a solid support (trityl resin), and the corresponding SCPN model, in which the CPs are stacked in a antiparallel-like β-sheet structure. The inset shows the top view of the three inter-cyclic peptides pairwise that can be formed between each pair of CPs considering the antiparallel β-sheet structure.](c8sc02276c-s3){#sch3}

Drop casting of an aqueous solution of **CP7** in TRIS buffer (2.0 mM, pH ∼ 8.1) on mica afforded fibrous structures with lengths of a few μm and average heights of 3.3--3.9 ± 0.30 nm ([Fig. 2a, b](#fig2){ref-type="fig"} and 9S[†](#fn1){ref-type="fn"}). Similar results were obtained from aqueous solutions of **CP7** at the same pH. These fibrous structures are in keeping with those expected for a nanotube composed of the corresponding dodecapeptide rings.

![(a) AFM topography micrographs of **SCPN7** deposited over mica (grade V-I muscovite) from aqueous solutions (250 μM, pH ∼ 8.1). (b) AFM height profiles along the transects in different colors shown in (a).](c8sc02276c-f2){#fig2}

2.3. Fullerene encapsulation and peptide molecular peapods
----------------------------------------------------------

Computational models suggest that the hydrophobic properties and diameter size of the α,δ-SCPN made of twelve residues, such as **CP7**, would be suitable for the encapsulation of fullerene to form peptide nanopeapod-type structures ([Fig. 3c](#fig3){ref-type="fig"}).[@cit21]--[@cit23] Therefore, 1.5 mL of a water solution of **CP7** (1.0 mM) at pH 8.1 was added to an Eppendorf tube containing C~60~ (0.5 mg) and then sonicated for 40 min. The resulting solution was centrifuged (7500 rpm) for 10 min to afford a brownish aqueous solution that was stable for few weeks. The UV/vis spectrum shows the absorption band at 345 nm characteristic of buckminsterfullerene dispersed in water as almost individual molecules (Fig. 10S[†](#fn1){ref-type="fn"}).[@cit24] Considering the proposed UV-vis molar extinction coefficients in aqueous media \[30.000--60.000 M^--1^ cm^--1^ for the *λ*~max~ (360)\], we estimated a C~60~ concentration of 70 μM.[@cit25] In addition to this band, long wavelength absorption bands between 400 and 480 nm were also observed. They have been assigned to the interaction between different C~60~. This suggests that the entrapped fullerenes must be aligned inside the **SCPN7**. The UV absorption spectrum characteristic of the C~60~ moiety was essentially the same with time. It is worth mentioning that acidic solutions (pH 3.5) containing similar CP concentration (1.5 mM) or acidic (pH 3.5) or basic aqueous (pH 8.1) solutions did not dissolve C~60~ under similar conditions. This confirms the requirement of **SCPN7** formation for dissolving the fullerene. In addition, the disassembly of peptide nanotubes by acidification of the basic solution containing **CP7** and C~60~ produces the precipitation of the encapsulated fullerene. This suggests, considering the CP concentration used in the solubilization (1.0 mM), that one molecule of C~60~ was dissolved per each twenty molecules of **CP7**.

![(a) AFM topography micrographs from aqueous solutions of **CP7** and C~60~ deposited over mica (100 μM, pH ∼ 8.1) and AFM height profiles along the transects in different colors. (b) STEM image of an aqueous solution of **CP7** and C~60~ after deposition on a carbon holey grid (scale bar 100 nm). (c) Side and top views of a computer assisted model of C~60~ encapsulated in the inner cavity of **SCPN7**.](c8sc02276c-f3){#fig3}

Additions of the basic solution containing **CP7** and C~60~ to a TRIS solution containing ThT (20 μM) showed the characteristic emission at 485 nm that confirms the β-sheet structure characteristic of peptide nanotubes (Fig. 11S[†](#fn1){ref-type="fn"}). Finally, FTIR spectra showed intense bands at 1542, 1620 and 3277 cm^--1^ that, once again, confirmed the SCPN formation (Fig. 12S[†](#fn1){ref-type="fn"}).[@cit13]

The AFM images of the basic solution of **CP7** and C~60~ also showed a few μm long horizontal fibrous structures with heights of 3.9--4.5 ± 0.41 nm slightly higher to those observed for the solutions of the CP alone ([Fig. 3a](#fig3){ref-type="fig"} and 13S[†](#fn1){ref-type="fn"}), perhaps as a consequence of the higher rigidity of the cyclic peptide peapod structure.[@cit26] No spherical particles of 1 nm in height deposited on the nanotube were observed in any case, confirming that C~60~ must be encapsulated on the nanotube cavity. These results confirm the ability of the cyclic peptide to assemble into a tubular structure after fullerene encapsulation. Interestingly, the **SCPN7** solution was not capable of dissolving C~70~, perhaps due to its larger size that must not fit in the nanotube cavity following the best Rebek\'s packing coefficient.[@cit27] The solution containing **CP7** and C~60~ was also deposited on a carbon holey grid that appeared in scanning transmission electron microscopy (STEM) images as long fibers of a few μm long that correspond to individual nanotubes ([Fig. 3b](#fig3){ref-type="fig"}). Interestingly the deposition of more than one-week aged solutions showed the formation of small nanotube bundles (Fig. 16S[†](#fn1){ref-type="fn"}). Similar results were also observed by AFM (Fig. 14S[†](#fn1){ref-type="fn"}).

3. Conclusions
==============

We have showed that 4-aminocyclohexanecarboxylic acid (δ-Ach) is an useful building block for the preparation of self-assembling cyclic peptides with large diameter and hydrophobic internal cavities. δ-Ach is a rigid amino acid in which *trans*-1,4 disposition makes it a suitable component of cyclic peptides that must adopt a flat conformation. Especially suited for this purpose **[d]{.smallcaps},[l]{.smallcaps}-α-CP**s were transformed into α,δ-hybrids by incorporating δ-Ach residues in tetra-, hexa- and octa-peptides. The resulting peptides can stack through an antiparallel-like interaction. The disposition of two methylene groups of the cyclohexyl moiety towards the lumen of the nanotube cavity provided hydrophobic properties. These hydrophobic properties and the appropriate nanotube internal diameter were efficiently implemented for the encapsulation of fullerene C~60~. These results provide new supramolecular polymers with tuned assembling properties that might make them suitable for the development of efficient drug delivery platforms. The novel peptide nanopeapod structures described here might find applications in field-effect transistors, magnetic or data storage nanodevices, nanoscale lasers and so on.
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